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Chromatin remodeling is at the basis of control of cellspecific gene expression, cell determination, and differentiation. The nucleosome units of chromatin consist of two each of the histones H2A, H2B, H3, and H4. The N-terminal ends of these core histones extend from the nucleosome and can undergo posttranslational covalent modifications, such as methylation, acetylation, phosphorylation, and ADP-ribosylation of specific amino acid residues. Together, these modifications constitute the so-called histone code (45) . Interaction of other nuclear proteins with chromatin is dependent on the histone code at specific chromatin regions and determines local chromatin structure, which can be open or closed. A remarkable component of the histone code is ubiquitination of C-terminal lysine residues of histones H2A and H2B. Ubiquitin, a protein of 7 kDa, can be attached to lysine residues of a specific protein substrate through the action of a multienzyme complex containing ubiquitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitin ligase (E3) enzymes. Polyubiquitination can target proteins for degradation by the proteasome (34, 35) . Monoubiquitination of histones, however, is a stable modification that does not decrease the half-life of the target histone (56) .
In the yeast Saccharomyces cerevisiae, histone H2A ubiquitination is not required for cell growth or sporulation (47) , but histone H2B ubiquitination is an essential mechanism involved in sporulation (37) . Most importantly, it has been shown that ubiquitination of H2B by the ubiquitin-conjugating enzyme RAD6, interacting with the ubiquitin ligase BRE1, is a prerequisite for dimethylation of histone H3 at lysine residues 4 and 79 (5, 12, 37, 46) . This mechanism is thought to be associated with potentiation of gene activation. It is not known whether this "trans-histone" mechanism is conserved between yeast and mammals. RAD6 shows marked evolutionary conservation. The two mammalian homologs of yeast RAD6, Hr6a/Ube2a and Hr6b/Ube2b, both show approximately 70% amino acid sequence identity to yeast RAD6. Previously, we have investigated histone ubiquitination in mice deficient in Hr6b/Ube2B. X-chromosomal Hr6a/Ube2a and autosomal Hr6b/Ube2b are functionally equivalent in somatic cells, but gametogenesis requires differential expression or differential functions of the two genes or both (38, 39) . Hr6a knockout mice show maternal factor infertility (lack of embryo development beyond the twocell stage), whereas Hr6b knockout mice display male infertility (severely impaired spermatogenesis) (38, 39) . Hr6a Hr6b double-knockout mice are not viable. No defect in H2A ubiquitination was observed in spermatogenic cells of Hr6b knockout mice, and the level of H2B ubiquitination was too low to be detected in wild-type and knockout tissues and cells (1) .
In mammalian cells, H2A ubiquitination is far more prominent than H2B ubiquitination, and the functional relevance of these modifications in higher organisms remains elusive (56) . Marked H2A ubiquitination was observed in meiotic prophase cells, in particular in a specific subnuclear region that contains the heterochromatic X and Y chromosomes (1) . This region is called the sex body or XY body, which is formed at the beginning of meiotic prophase, when homologous chromosomes align. This process of chromosome alignment requires development of a protein structure that holds the two chromosomes together, the synaptonemal complex (16) . First, axial elements attach to the chromosomal cores, and subsequently the central and transverse elements form the connection. One of the axial element proteins is Sycp3, and immunostaining for this protein is a useful tool to follow progression through meiotic prophase.
Synaptonemal complex formation coincides with chromosome pairing and synapsis. The heterologous X and Y chromosomes are covered by Sycp3 along their whole length but show synapsis only in short pseudoautosomal regions. From late zygotene onwards, the X and Y chromosomes in the XY body are transcriptionally silent (29) .
Localization of ubiquitinated histone H2A (ubi-H2A) to transcriptionally silent XY body chromatin may signify that H2A ubiquitination is linked to transcriptional silencing, also in other chromatin regions and not only in meiotic prophase. The aim of the experiments presented in this paper was to obtain additional information concerning a possible connection between histone H2A ubiquitination and formation or maintenance of silent chromatin regions.
MATERIALS AND METHODS

Isolation of different cell types from mouse testis.
For isolation of basic nuclear proteins, a cell preparation containing more than 70% spermatocytes and spermatids was isolated from 30-day-old wild-type FVB/N mice, using a shortened protocol. Iodoacetamide (10 mM) was present throughout the cell isolation procedure to inhibit protein deubiquitination (27) , and the isolation procedure was shortened to limit negative effects of iodoacetamide on cell viability, as follows. Decapsulated testes were shaken (90 cycles/min; amplitude, 10 mm) in 20 ml of phosphate-buffered saline (PBS) with Ca 2ϩ and Mg 2ϩ (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 6.5 mM Na 2 HPO 4 , 1.1 mM CaCl 2 , 0.5 mM MgCl 2 ), containing 1 mg of trypsin (40 to 110 U/mg; Roche, Mannheim, Germany) per ml, 1 mg of collagenase (0.435 U/mg; Roche) per ml, and 0.5 mg of hyaluronidase (1,000 U/mg; Roche) per ml, in a siliconized 100-ml Erlenmeyer flask at 32 to 34°C for 25 min. The tubule fragments obtained by this enzyme treatment were shaken (120 cycles/min) at 32 to 34°C for 10 min in 20 ml of PBS without Ca 2ϩ and Mg 2ϩ (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , 8.1 mM Na 2 HPO 4 ). Larger cell clumps were removed with a Pasteur pipette, and the cell suspension was filtered through a 60-m-pore-size nylon filter and centrifuged at 250 ϫ g.
Isolation of acid soluble nuclear proteins and two-dimensional gel electrophoresis. Nuclei and acid-soluble proteins were isolated from cell preparations as described by Chen et al. (6) . The isolated protein fraction was precipitated with 5% (wt/vol) trichloroacetic acid. First-dimension acetic acid-urea-Triton (AUT) gels were run as described by Davie (9) and contained 0.8 M acetic acid, 6 M urea, and 0.375% (vol/vol) Triton X-100. The AUT strips were placed on sodium dodecyl sulfate (SDS)-15% polyacrylamide gels and blotted on nitrocellulose (0.45-m pore size), using Mini-Protean II electrophoresis and blot cells (Bio-Rad, La Jolla, Calif.). After equilibration of the gel for 30 min in 50 mM acetic acid and 0.5% (wt/vol) SDS, blotting was performed in 25 mM 3-(cyclohexylamino)-1-propanesulfonic acid buffer (pH 10) with 20% (vol/vol) methanol according to the protocol described by Thiriet and Albert (48) . ubi-H2A was detected as described by Baarends et al. (1) .
Meiotic spread nucleus preparations and immunocytochemistry. Embryonal ovaries were isolated at embryonic day 18 from wild-type, XO, and XY tdym1 embryos (generated on a random-bred MF1 background from stocks maintained at the National Institute for Medical Research, London, United Kingdom, and made available by P. Burgoyne, London, United Kingdom). Testes were obtained from 5-week-old wild-type and T(1;13)70H/T(1;13)1Wa (T/TЈ) mice (Swiss random bred) and from one adult rat (Wistar). Human testicular tissue was obtained as remnant material from a testicular biopsy. Testis and ovary tissues were processed for immunocytochemistry as described by Peters et al. (33) . Spread nuclei of spermatocytes and oocytes were double or triple stained with rabbit polyclonal or mouse monoclonal anti-Sycp3 (a gift from C. Heyting, Wageningen, The Netherlands), mouse monoclonal immunoglobulin M (IgM) anti-ubi-H2A (Upstate, Waltham, Mass.), mouse monoclonal anti-RNA polymerase II (the 8wg16 detects total RNA polymerase II) (Abcam, Cambridge, United Kingdom), mouse monoclonal anti-trimethylated H3 lysine 27 (Abcam), rabbit polyclonal anti-Rad18 Sc (as described by van der Laan et al. [53] ), rabbit polyclonal antiubiquitin (DakoCytomation, Glostrup, Denmark), rabbit polyclonal anti-trimethylated H3 lysine 9 (Upstate), rabbit polyclonal anti-Hr6a/b (1:100) (described by van der Laan et al. [53] ), and rabbit polyclonal anti-␥-H2AX (Upstate). For polyclonal primary antibodies, the secondary antibodies were fluorescein isothiocyanate (Sigma, St. Louis, Mo.), tetramethyl rhodamine isocyanate (TRITC) (Sigma), or Alexa 350 (Molecular Probes, Eugene, Oreg.)-labeled goat anti-rabbit IgG antibodies; FITC-, TRITC-, or Alexa 350-labeled goat anti-mouse IgG and FITC-labeled goat anti-mouse IgM (Sigma) were used as secondary antibodies for monoclonal anti-Sycp3 (IgG), anti-RNA polymerase II (IgG), anti-trimethylated H3 lysine 27, and anti-ubi-H2A (IgM). To perform double immunolabelings with mouse monoclonal anti-ubi-H2A IgM and mouse monoclonal anti-trimethylated H3 lysine 27, cells were first immunostained with anti-ubi-H2A, followed by immunostaining with anti-trimethylated H3 lysine 27. Negative controls were included to verify that the secondary IgG antibody did not cross-react with remaining anti-ubi-H2A IgM from the first round of immunocytochemistry. Before incubation with antibodies, slides were washed in PBS (three times for 10 min each), and nonspecific sites were blocked with 0.5% (wt/vol) bovine serum albumin (BSA) and 0.5% (wt/vol) milk powder in PBS. Primary antibodies were diluted in 10% (wt/vol) BSA in PBS, and incubations were overnight at room temperature in a humid chamber. Subsequently, slides were washed (three times for 10 min each) in PBS, blocked in 10% (vol/vol) normal goat serum (Sigma) in blocking buffer (supernatant of 5% [wt/vol] milk powder in PBS centrifuged at 20,800 ϫ g for 10 min), and incubated with secondary antibodies in 10% normal goat serum in blocking buffer at room temperature for 2 h. Finally, the slides were washed (three times for 10 min each) in PBS (in the dark) and embedded in Vectashield containing DAPI (4Ј,6Јdiamidino-2-phenylindole) (Vector Laboratories, Burlingame, Calif.) to counterstain the DNA. When Alexa 350-labeled second antibody was present on the slides, Vectashield without DAPI was used. Fluorescent images from spread nuclei were observed with a fluorescence microscope (Axioplan 2; Carl Zeiss, Jena, Germany) equipped with a digital camera (Coolsnap-pro; Photometrics, Waterloo, Canada). Digital images were processed with Photoshop software (Adobe Systems).
FISH. Following immunocytochemistry, the positions of selected nuclei on the slide were determined, and fluorescent in situ hybridization (FISH) with STAR*FISH mouse whole-chromosome-specific paints (1200XmCy3 and 1200YmCy3; Cambio, Cambridge, United Kingdom) was performed according to the manufacturer's protocol to detect the X or Y chromosomes. All fluorescent signal obtained after immunocytochemistry had disappeared after FISH. To make sure that remaining signal from immunocytochemistry is not mistaken for a FISH signal, the color of the fluorescent dye for FISH differs from the color of the fluorescent dye coupled to the second antibody that was used to visualize ubi-H2A or Rad18 Sc . If a specific signal was not obtained, the procedure was performed a second time, and this always resulted in a positive signal in the majority of nuclei. The specificity of hybridization was confirmed by using male meiotic spread nucleus preparations; a positive signal colocalized with the XY body of pachytene spermatocytes (not shown). Since the X and Y chromosome probes are labeled with the same fluorescent dye and both probes were used on the same slide in subsequent experiments (first the X chromosome probe and then the Y chromosome probe), some X-chromosomal signal remains visible after the second FISH with the Y-chromosomal probe.
To localize telomeres, a TRITC-labeled peptide nucleic acid probe directed against mouse telomeres (a gift from M. Zijlmans, Rotterdam, The Netherlands) was used to identify telomeres in spread nuclei of spermatocytes. Meiotic spread nucleus preparations were denatured in 70% (vol/vol) deionized formamide in 2ϫ SSC at 72°C for 2.5 min, followed by dehydration with ethanol. Slides were air dried, and 20 l of denatured probe (0.3 g/ml) in hybridization mix (70% [vol/vol] deionized formamide, 10 mM Tris-HCl [pH 7.0], 0.25% [wt/vol] blocking reagent [DuPont/NEN, Boston, Mass.; stock of 1% {wt/vol} in 40 mM Tris-HCl {pH 7.0}]) was applied. Hybridization was carried out under a coverslip in a humid chamber for 2 h in the dark at room temperature, followed by sequential washing in 70% (vol/vol) formamide-10 mM Tris-HCl (pH 7.0)-0.1% (wt/vol) BSA (twice for 15 min each) and 0.1 M Tris-HCl (pH 7.0)-0.15 M NaCl-0.08% (vol/vol) Tween 20 (three times for 5 min each). Subsequently, immunocytochemistry with the anti-ubi-H2A monoclonal antibody was carried out as described above. Digital images were obtained and processed as described above. FISH images were combined with immunocytochemical images by using Adobe Photoshop software, and alignment was obtained by alignment of nonspecific signals present in both images. In addition, in some cases, the red fluorescent FISH signal was converted to white to obtain better contrast.
Immunohistochemistry. Kidney and liver tissues were isolated from male and female adult rats (Wistar), fixed in phosphate-buffered formalin (30 mM NaH 2 PO 4 , 45 mM Na 2 HPO 4 , 4% [vol/vol] formaldehyde [pH 6.8]) for 6 to 18 h at 4°C, dehydrated, and embedded in paraffin. Sections of 8 m were collected on 3-aminopropyltriethoxysilane (Sigma)-coated slides and dried overnight. After deparaffinization, endogenous peroxidase was blocked by incubation in 3% (vol/vol) H 2 O 2 for 20 min, followed by a rinse with tap water. The slides were then incubated for 20 min in a microwave oven at 1,000 W in 0.01 M citric acid, pH 6.0. The slides were allowed to cool and washed with distilled water and PBS.
The slides were blocked for 20 min in PBS with 0.5% (wt/vol) BSA and 0.5% (wt/vol) nonfat milk and incubated with anti-ubi-H2A (diluted 1:10 in 10% BSA in PBS) overnight at room temperature. Subsequently, the slides were washed in PBS and incubated for 1 h at room temperature with the second antibody (biotinylated goat anti-mouse antibody; DAKO, Glostrup, Denmark), which was diluted 1:200 in PBS containing 2% (vol/vol) normal goat serum. The antibodyantigen complexes were detected by incubation for 30 min with avidin-biotin complex reagent (DAKO) according to the protocol supplied by the manufacturer, followed by staining with 3,3Ј-diaminobenzidine tetrahydrochloride metal concentrate (Pierce, Rockford, Ill.), counterstaining with hematoxylin, and mounting.
RESULTS
ubi-H2A is present in the XY bodies of mouse, rat, and human. The monoclonal anti-ubi-H2A IgM antibody binds ubiquitinated H2A on one-dimensional SDS-polyacrylamide gels (1, 54) . To verify specificity, we performed Western blot analyses ( Fig. 1A) . Anti-ubi-H2A recognized one clear spot, corresponding to the expected localization of ubi-H2A, and no signal corresponding to ubi-H2B was detected.
In meiotic spread nuclei, the degree of synapsis of homologous chromosomes can be determined with an antibody that recognizes Sycp3, a component of the axial and lateral elements of the synaptonemal complex (22) . Using this marker, the leptotene, zygotene, pachytene, and diplotene stages of meiotic prophase can be detected. At pachytene, all autosomal bivalents have fully synapsed, and the XY body has become a prominent structure. The spread nuclei are prepared in such a way that only chromatin-associated proteins are maintained, and ubi-H2A shows marked localization to the XY body ( Fig.  1B ). In addition, nuclear foci with lower signal intensity are observed in late pachytene and early diplotene nuclei, and a significant fraction of these foci colocalize with (near) telomeric regions ( Fig. 1B [insets] and C). As a control for specificity of the antibody on meiotic spread nuclei of spermatocytes, we looked at colocalization between antiubiquitin and anti-ubi-H2A. In accordance with the presence of ubi-H2A in the XY body, there was intense staining of ubiquitin in the XY body and a lower overall staining of the nucleus, most likely due to the presence of other ubiquitinated proteins ( Fig. 1B and C). ubi-H2A also marked the XY bodies of rat and human spermatocytes ( Fig. 1D ), indicating that H2A ubiquitination is an evolutionarily conserved feature of XY body chromatin.
ubi-H2A marks the Barr body in female somatic cells. The XY body is transcriptionally silent, and the present results suggest that ubiquitinated H2A could be a general feature of inactive chromatin domains. In female somatic cells, one of the two X chromosomes becomes inactivated to accomplish dosage compensation. In 1949 the inactive X chromosome in female somatic cells was recognized for the first time and named the Barr body (3). We studied the accumulation of ubi-H2A in male and female somatic cells to determine whether ubi-H2A localized to the Barr body. Immunohistochemical staining of kidney sections from adult male and female rats revealed a marked nuclear spot of ubi-H2A accumulation only in female cells ( Fig. 2A ). In addition, in female liver cells, which contain many polyploid cells, we often observed two spots ( Fig. 2B ). Also, in spread nucleus preparations of XO, XY (sex reversed), and XX female fetal ovaries (see experiments described below), we observed a single ubi-H2A spot exclusively in pregranulosa cells from fetal XX ovaries (Fig. 2C ). To verify that this ubi-H2A spot in XX cells marks the Barr body, we performed a sequential double immunocytochemical staining of XX fetal ovary cells with anti-ubi-H2A, followed by antitrimethylated H3 lysine 27, a known marker of the inactivated X chromosome during female embryogenesis (36, 41) . All ubi-H2A spots colocalized with trimethylated H3 lysine 27 signal (Fig. 2D) ; some nuclei contained only trimethylated H3 lysine 27 at the inactive X chromosome, and not all nuclei stained positive (not shown).
ubi-H2A localizes to unpaired and silenced chromatin regions in male meiotic prophase. To study the relationship between accumulation of ubi-H2A, silencing of DNA during meiotic prophase, and homologous chromosome pairing, we studied a male mouse model that carries two different but nearly identical translocations between chromosomes 1 and 13, named T(1;13)70H/T(1;13)1Wa (abbreviated T/TЈ). A small difference in the location of the translocation breakpoints causes the two 1 13 and 13 1 homologs to be not fully identical, and this leads to a pairing problem during meiotic prophase (11, 32) . The degree of synapsis that is achieved varies among nuclei and also between animals. The percentage of spermatocyte nuclei with complete synapsis of all bivalents positively correlates with fertility. In particular, the small 1 13 bivalent often remains only partially synapsed. To study ubi-H2A localization on the small translocation bivalent in pachytene spermatocyte nuclei, we selected nuclei that showed normal morphology of the synaptonemal complex and accumulation of ubi-H2A in the XY body. The morphology of the 1 13 bivalent was classified as partially synapsed rest (PR) (low degree of synapsis), partially synapsed A shape (PA) (intermediate degree of synapsis), partially synapsed horsheshoe shape (PH) (near-complete synapsis), or completely synapsed (CS). On incompletely synapsed PR/PA bivalents, we found ubi-H2A accumulation in 19 out of 26 nuclei, whereas for the PH/CS bivalents only 6 out of 30 nuclei showed accumulation of ubi-H2A. Overall, the fraction of nuclei with ubi-H2A-positive 1 13 bivalents decreased with an increasing degree of (heterologous) synapsis ( Fig. 3) .
RNA polymerase II immunolocalization was used as a marker for transcriptionally active chromatin. The signal-tonoise ratio for this antibody is optimal in late pachytene and early diplotene cells. Analysis of the RNA polymerase II signal covering the 1 13 translocation bivalent in spermatocyte nuclei from the T/TЈ mice revealed a positive correlation between fluorescent signal and degree of 1 13 synapsis. Of 23 nuclei analyzed, three 1 13 translocation bivalents showed complete synapsis (CS configuration), associated with a high level of RNA polymerase II immunoexpression on chromatin covering the 1 13 bivalent. This was also observed for one out of nine nuclei with near-complete synapsis (PH configuration). The rest of the partially synapsed 1 13 translocation bivalents (PH, PA, and PR) showed no (11 nuclei) or a low level of (8 nuclei) RNA polymerase II immunoexpression. This indicates that the incompletely synapsed 1 13 bivalent is at least partially transcriptionally silenced (Fig. 4A) .
In S. cerevisiae, histone H2A ubiquitination is not detected (47) . H2B ubiquitination is functionally linked to histone H3 lysine 4 dimethylation (5). This so-called trans-histone regulatory pathway is thought to be associated with transcription activation (5, 8) . In contrast, H2A ubiquitination in higher H2A ubiquitination might be functionally coupled to methylation of other H3 lysines that mediate silencing, in analogy to the link between H2B ubiquitination, H3 lysine 4 dimethylation, and transcription activation. In accordance with the silent chromatin configuration of the XY body, we found that the XY body was covered by a relatively low level of H3 lysine 4 dimethylation (not shown). Trimethylation of H3 lysine 9 is a known marker of pericentromeric heterochromatin in mammals (31) . This prompted us to investigate a possible association between H3 lysine 9 trimethylation and H2A ubiquitination in spermatocytes. Triple immunostaining of T/TЈ spermatocyte nuclei with anti-Sycp3, anti-ubi-H2A, and antitrimethylated H3 lysine 9 revealed that a functional link between these two modifications is unlikely. Figure 4B and C show that pericentromeric DNA in spermatocytes is marked by increased trimethylation of H3 lysine 9 but not by ubi-H2A. Furthermore, a relatively low level of H3 lysine 9 trimethylation marked the XY body and the unsynapsed 1 13 bivalent, but only transiently (Fig. 4B ). XY-associated trimethylation of H3 lysine 9 preceded H2A ubiquitination and had disappeared from the XY bodies of late pachytene nuclei in which ubi-H2A is still present (Fig. 4C ). Since the initiation of somatic X inactivation is accompanied by increased trimethylation of H3 lysine 27, we also investigated a possible link between this modification and H2A ubiquitination in T/TЈ spermatocytes. We found that the XY body as well as the 1 13 bivalent showed a relatively low level of H3 lysine 27 trimethylation (Fig. 4D ). Another marker of transcriptionally silenced unsynapsed chromatin regions during meiosis is phosphorylated histone H2AX (␥-H2AX). This modification occurs in response to DNA double-strand breaks in somatic cells and is also associ- 13 synapsis morphologies, detected with anti-Sycp3 staining and shown at a higher magnification (bar, 5 m). PR, partially synapsed rest; PA, partially synapsed A shape; PH, partially synapsed horseshoe shape; CS, complete synapsis. The table shows that an increasing fraction of 1 13 bivalents is ubi-H2A negative when synapsis is more complete. Absolute numbers of scored nuclei with no ubi-H2A signal (Ϫ), a low ubi-H2A signal (ϩ/Ϫ), or a clear ubi-H2A signal (ϩ) are indicated. Tot, total number of nuclei counted.
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on July 9, 2012 by Universiteitsbibliotheek http://mcb.asm.org/ ated with meiotic double-strand breaks (25, 40) . Furthermore, it has been shown that accumulation of ␥-H2AX on the X and Y chromosomes during late zygoytene in mouse spermatocytes is a prerequisite for XY body formation (13) . Previously, it had been shown that ␥-H2AX also accumulates on the partially synapsed 1 13 bivalent in T/TЈ mice (25) . Triple immunostainings of meiotic nuclei from T/TЈ mice with anti-␥-H2AX, antiubi-H2A, and anti-Sycp3 revealed that 1 13 bivalents that accumulated ubi-H2A also showed increased ␥-H2AX staining (Fig. 5A) . However, ␥-H2AX accumulation on XY body chromatin as well as on chromatin of the 1 13 bivalent was often observed in the absence of ubi-H2A (Fig. 5B ). This may be due to the fact that ␥-H2AX accumulates earlier during meiotic prophase and persists longer than ubi-H2A. In S. cerevisiae, the E2 enzyme RAD6 and the E3 enzyme RAD18 are key factors in a mechanism that tolerates the presence of DNA damage during DNA replication. In this so-called replicative damage bypass mechanism (23, 51), RAD6 interacts with RAD18 (2). Replicative damage bypass does not require histone H2B ubiquitination (37) . We have identified the mouse Rad18 Sc gene, and mRNA expression from this gene was shown to be highly elevated in mouse testis, in particular in primary spermatocytes in meiotic prophase (52) . The Rad18 Sc protein was found in a relatively high con- FIG. 4 . Ubiquitination of H2A is not associated with increased trimethylation of histone 3 at lysine 9 or lysine 27. A: Double immunostaining of a T/TЈ pachytene spermatocyte spread nucleus with anti-Sycp3 (red) and anti-RNA polymerase (pol) II (green). The inset shows a larger magnification of the area containing the XY body (open arrowhead) and the 1 13 bivalent (closed arrowhead). B: Triple immunostaining of a T/TЈ pachytene spermatocyte spread nucleus with anti-trimethylated H3 lysine 9 (H3K9tri-m) (red), anti-ubi-H2A (green), and anti-Sycp3 (blue). The inset shows double staining of anti-trimethylated H3 lysine 9 and anti-Sycp3 in the area containing the XY body (open arrowhead) and the 1 13 bivalent (closed arrowhead). Both the translocation bivalent (PH group) and the XY body accumulate trimethylated H3 lysine 9 and ubi-H2A. The level of ubi-H2A appears to be higher in areas that contain a somewhat lower trimethylated H3 lysine 9 signal. C: As in panel B, but this late pachytene spermatocyte shows no accumulation of trimethylated H3 lysine 9 in the area containing the XY body and the 1 13 bivalent (PA group). D: As in panel A, but this spread nucleus was incubated with anti-trimethylated H3 lysine 27 (H3K27tri-m) (green) and anti-Sycp3 (red). H3 lysine 27 trimethylation is relatively low in the area that covers the XY body and the 1 13 bivalent (PR group). Bar, 20 m; bar in inset, 10 m.
VOL. 25, 2005 ubi-H2A AND MEIOTIC SILENCING BY UNPAIRED DNA 1047 on July 9, 2012 by Universiteitsbibliotheek http://mcb.asm.org/ centration in the XY bodies of these primary spermatocytes at several subsequent steps of meiotic prophase (53) . In addition, the ubiquitin ligase Rad18 Sc also localizes to the unsynapsed 1 13 bivalent in pachytene spermatocytes of T/TЈ mice (53) . Triple immunostaining with anti-ubi-H2A, anti-Rad18 Sc , and anti-Sycp3 revealed colocalization of Rad18 Sc and ubi-H2A on the XY body and on the partially synapsed translocation bivalents in most nuclei (Fig. 5C ). It appears that during male meiotic prophase, Rad18 Sc accumulation, similar to that of ␥-H2AX, precedes that of ubi-H2A, and Rad18 Sc also remains present in early diplotene nuclei when ubi-H2A staining has disappeared. Overall, the immunofluorescent Rad18 Sc signal is more intense than that of ubi-H2A. Therefore, the lack of colocalization of Rad18 Sc and ubi-H2A in some nuclei is most likely due to differences in the timing and level of accumulation of the two proteins. Hr6a and Hr6b appear to be less tightly bound to chromatin than Rad18 Sc , because we have observed that the protein is partially lost from spread nucleus preparations as determined with an antibody that recognizes both RAD6 homologs (anti-Hr6a/b) (53) . In fixed spermatocytes, Hr6a/b is present throughout the nucleus, including the XY body (53) . We investigated colocalization of Hr6a/b with ubi-H2A in spread nucleus preparations; the spread nuclei allow identification of the 1 13 bivalent and also provide access to the anti-IgM antibody required for ubi-H2A localization. We found that in such spread nucleus preparations of pachytene T/TЈ spermatocytes, Hr6a/b is preferentially retained on synapsed synaptonemal complex axes and shows a more diffuse staining of the chromatin surrounding the unsynapsed XY and 1 13 bivalent during midpachytene (Fig. 5D ). This diffuse chromatin staining increases concomitantly with an increase of the ubi-H2A signal. ubi-H2A accumulates on unsynapsed chromosomal regions in XY and XO oocytes. In XO females, the single X chromosome remains unpaired during meiotic prophase. In XY tdym1 mice, the sex-determining gene Sry is deleted, and therefore all of these animals develop as females (24) . In meiotic prophase in embryonic ovaries of XY tdym1 mice, the X and Y chromosomes pair in approximately 19% of the cells, but no XY body-like structure has been observed (49) . In pachytene oo- 6. ubi-H2A and Rad18 Sc mark unsynapsed chromosome regions in oocytes. A: Two XY oocyte spread nuclei immunostained with anti-Rad18 Sc (green) and anti-Sycp3 (red). The locations of the X and Y chromosomes are indicated. The smaller panels to the right of each nucleus show enlargements of the X and Y chromosomal areas with the white FISH signals for either X or Y (arrows). In the nucleus shown on the left, X and Y are partially synapsed and Rad18 Sc accumulates mainly on X-chromosomal chromatin. In the nucleus shown on the right, X and Y have separated, and Rad18 Sc accumulation is observed only on the Y chromosome. In this nucleus, the X-chromosomal Sycp3 axis is short and thick, indicating self-synapsis. Note that some X FISH signal is still visible after Y FISH (see Materials and Methods). B: Two XY oocyte spread nuclei immunostained with anti-ubi-H2A (green) and anti-Sycp3 (red). The smaller panels to the right of each nucleus show enlargements of the X and Y chromosomal areas with the white FISH signals for either X or Y (arrows). In both nuclei, X and Y have separated, but ubi-H2A marks the X chromosome in the nucleus in the left panel (the Y chromosome appears to undergo heterologous synapsis) and the Y chromosome in the nucleus in the right panel (the X chromosome appears to be unsynapsed). C: XX oocyte spread nucleus immunostained with anti-Sycp3 (red) and either anti-ubi-H2A (left panel) or anti-Rad18 Sc (right panel) (green). The two images in the middle show enlargements (bar, 10 m) of the aberrant synaptonemal complex morphology (Sycp3 staining) in the respective ubi-H2A (1)-and Rad18 Sc (2)-positive regions. Bars, 20 m unless otherwise indicated. VOL. 25, 2005 ubi-H2A AND MEIOTIC SILENCING BY UNPAIRED DNA 1049 on July 9, 2012 by Universiteitsbibliotheek http://mcb.asm.org/ cytes from these XO and XY tdym1 mice, we found accumulation of ubi-H2A and Rad18 Sc in a single subnuclear region in a large fraction of cells ( Fig. 6A and B ; Table 1 ). FISH analysis was used to detect the X and Y chromosomes. For Rad18 Sc and ubi-H2A, immunoexpression colocalized with the X chromosome signal in approximately 50% of XY pachytene oocyte nuclei (n ϭ 14 for each antibody). In the same two groups of nuclei, the univalent Y chromosome signal colocalized with immunoexpression of Rad18 Sc and ubi-H2A when Rad18 Sc and ubi-H2A were absent from the X chromosome. In XO oocytes, Rad18 Sc immunoexpression, when present, colocalized with the X chromosome FISH signal (not shown). In some nuclei, the X and Y chromosomes are partially synapsed. In this situation, immunoexpression covered both sex chromosomes or mainly localized to the X chromosome (Fig. 6A) . In one nucleus with X and Y clearly separated, we observed accumulation of ubi-H2A on both sex chromosomes (not shown). The absence of Rad18 Sc or ubi-H2A from sex chromosomes appeared to correlate with heterologous synapsis or self-synapsis ( Fig. 6A, right panel, and B, left panel) . A minority of nuclei with unsynapsed sequences showed an absence of Rad18 Sc or ubi-H2A accumulation (Fig. 6B, right panel) . Local accumulation of Rad18 Sc and ubi-H2A is rarely detected in XX oocytes. If present, the signal covers chromatin that shows aberrant synaptonemal complex patterns indicating partial synapsis ( Fig. 6C ). Double immunostaining of XO and XY oocytes with anti-ubi-H2A and anti-Rad18 Sc showed the Rad18 Sc signal in a larger percentage of the nuclei (Table 1) , but ubi-H2A always colocalized with Rad18 Sc . Incomplete chromosome synapsis leads to transcriptional silencing in oocytes. Similar to the observed silencing of unpaired chromatin regions in T/TЈ spermatocytes, we found that immunoexpression of RNA polymerase II in XO and XY oocytes was frequently lower in an area covering the single X or Y chromosome or both, as determined by the presence of thinner synaptonemal complex axes (Fig. 7A ). In addition, coimmunostaining of anti-Rad18 Sc and anti-RNA polymerase II of XO and XY oocytes revealed that areas with lower RNA polymerase II immunoexpression colocalized with regions of intense Rad18 Sc signal (Fig. 7B ). In accordance with these data, colocalization of ubi-H2A with ␥-H2AX was observed (Fig. 7C ). Based on ␥-H2AX accumulation as a marker for transcriptional silencing, it appears that the X or Y chromosome or both chromosomes do not undergo silencing in all pachytene XY oocytes (Table 1) .
DISCUSSION
Histone H2A and H2B ubiquitination. Ubiquitination of H2B in yeast is involved in gene activation, as it takes part in trans-histone control of trimethylation of H3 at lysines 4 and 79 (5, 8) . Paradoxically, H2B ubiquitination is also required for gene silencing. It has been suggested that inhibition of H2B ubiquitination leads to reduced formation of active chromatin and loss of silencing proteins from regions that are normally heterochromatic (15) . In addition, H2B ubiquitination is necessary for sporulation (37) . In yeast, ubiquitination of H2A has not been shown, and site-directed mutagenesis of the putative ubiquitination site of H2A revealed no phenotype (47) . The function of histone ubiquitination in mammalian cells is unknown. The data presented in this paper show that ubi-H2A marks certain inactive chromatin regions in mammalian cells.
In the present study, we observed accumulation of ubi-H2A on the Barr body. It has been shown that a general deubiquitination of histones precedes mitosis, followed by reubiquitination in the daughter cells (28, 55) . This may explain why, in the present experiments, a portion of the nuclei showed no Barr body-associated ubi-H2A accumulation. Inactivation of one of the two X chromosomes in female somatic cells during embryonic development requires a functional Xist locus. However, Xist function is not essential for inactivation of X and Y chromosomes in male meiotic prophase (50) . Therefore, the mechanisms of Barr body formation and XY body formation are essentially different. Increased methylation of H3 at lysine 27 is a relatively early event in somatic X chromosome inactivation, and recruitment of the methylase requires Xist function (36) . Here we show that XY body formation is not accompanied by H3 lysine 27 trimethylation. However, subsequent parts of the X and XY inactivation mechanisms may still overlap. For example, macroH2A1 variants are enriched in both the Barr body and the XY body (7, 17) .
In the XY bodies of mouse spermatocytes, ubiquitination of H2A appears to be a relatively late event compared to accumulation of ␥-H2AX. This may indicate that ubi-H2A is not involved in the formation of silent chromatin but rather is involved in maintenance of an inactive chromatin state.
We also found increased ubiquitination of H2A at silent chromatin regions of (near) telomeric sites in late pachytene and early diplotene spermatocyte nuclei. Focal sites of ubi-H2A formation in other unidentified regions of the nuclei are also apparent. ubi-H2A marks several regions of silent chromatin, although it needs to be emphasized that not all silent chromatin carries the ubi-H2A mark. It will be of interest to study the relationship between H2A ubiquitination and histone modifications other than the ones investigated here, to obtain more insight into possible roles of H2A ubiquitination in regulation of the histone code in vertebrates.
In this report we show that Hr6a/b and Rad18 Sc , an ubiquitin ligase that can associate with HR6a/b, colocalize with ubi-H2A in the XY bodies of meiotic cells. These results are consistent with the hypothesis that Hr6a/b may ubiquitinate H2A in the XY body, but it is not expected that Rad18 Sc functions as an E3 for H2A ubiquitination. In yeast, mutation of RAD18 does not lead to defects in histone ubiquitination (46) . Rather, RAD18 is though to function specifically in replicative damage bypass, a mechanism that allows replication of damaged DNA. Based on these findings for yeast, functional involvement of Rad18 Sc in histone ubiquitination in mouse is not expected, but formally it cannot be excluded. However, it appears more likely that Hr6a/b together with Rad18 Sc acts to ubiquitinate an as-yet-unknown protein substrate, which might be functionally involved in maintenance of silencing of unpaired DNA, as described below. The present findings show a reduced level of RNA polymerase II and increased accumulation of the XY body markers ␥-H2AX, Rad18 Sc , and ubi-H2A on unsynapsed chromatin regions in spermatocytes and oocytes. We conclude that meiotic prophase cells are capable of detecting unpaired chromatin regions and that this activates a mechanism leading to transcriptional silencing.
MSUD in mammalian meiosis. Recent data point to the existence of a mechanism that leads to meiotic silencing by unpaired DNA (MSUD) in Neurospora crassa (42, 43) and Caenorhabditis elegans (4), which may have evolved as part of a more general genome surveillance system. During meiotic prophase, mobile or foreign DNA (transposon or virus) or translocated chromosome regions can be recognized, because these sequences will not have or find a pairing partner. The capacity of cells to detect unpaired DNA can be viewed as a means to trace and silence such DNA. For C. elegans, it has been shown that multiple copies of a transgene are often silenced during meiosis (20) . In addition, the X chromosome of C. elegans males (XO) is silenced during meiotic prophase, and an epigenetic modification is maintained as an imprint during fertilization and subsequent embryo development (4, 21) . It appears that MSUD has been adapted to cope with the normal presence of a single sex chromosome in male C. elegans meiosis.
Here we provide evidence that MSUD also occurs during male and female meiosis in mice. This sheds new light on the evolutionary origin of the XY body. During meiotic prophase, the X and Y chromosomes require specialized mechanisms to ensure that they pair and recombine, but only in the pseudoautosomal regions. We suggest that formation of the mammalian XY body, in essence, represents MSUD.
Early detailed investigations of the meiotic behavior of translocation chromosomes in mouse and human have shown that unsynapsed regions become included in the heterochromatic XY body in pachytene spermatocytes, suggesting transcriptional inactivation (see references 10 and 14 and references therein). However, such aberrant XY bodies show some residual transcriptional activity that is not present in normal XY bodies (44) , which may signify that silencing of the X and Y chromosomes precedes silencing of other unpaired chromatin regions or is more effective, or both.
Since we have shown in this report that transcriptional inactivation of the 1 13 bivalent in T/TЈ mouse spermatocytes depends on the degree of asynapsis, there may be a threshold length of unpaired DNA that is required to activate MSUD. In addition, unpaired chromatin regions undergo heterologous synapsis, which appears to lead to an escape from MSUD in the male as well as the female models used here. In N. crassa, FIG. 7 . Transcriptional repression of XY chromosomes in XO and XY tdym1 oocytes. A: Early (ep) and late (lp) pachytene XY tdym1 oocyte spread nuclei immunostained with anti-Sycp3 (red) and anti-RNA polymerase (pol) II (green). The area with unsynapsed synaptonemal complex axes and low RNA pol II immunoexpression is circled. B: Pachytene XO oocyte spread nucleus with accumulation of ␥-H2AX (red) and ubi-H2A (green) on the unsynapsed X chromosome (arrowhead). Immunostaining of Sycp3 is shown in blue. The middle panel shows the region that contains the unsynapsed X chromosome. The panels on the right show the single ␥-H2AX (red) and ubi-H2A (green) immunostainings. C: The four panels show one XO oocyte spread nucleus. RNA pol II immunoexpression (green) is relatively low in regions with intense DAPI staining (blue) and also in a Rad18 Sc -positive region (red, Rad18) that is circled in the merge and DAPI panels. Bars, 20 m. VOL. 25, 2005 ubi-H2A AND MEIOTIC SILENCING BY UNPAIRED DNA 1051 on July 9, 2012 by Universiteitsbibliotheek http://mcb.asm.org/ Downloaded from MSUD occurs at the single-gene level and requires components of the RNA interference machinery (19) . Barr body and XY body formation might require noncoding RNAs, derived from the Xist locus to initiate Barr body formation and from an unknown site for XY body formation. The XY body and the Barr body have recently been shown to be functionally related in terms of a father-to-daughter relationship. Meiotic inactivation of the paternal X (Xp) in mouse spermatogenesis generates an epigenetic imprint that is carried on to the next generation, as evidenced by preferential inactivation of Xp in early female mouse embryos, before onset of random X inactivation (18, 26, 30) . From this perspective, it will be of interest to study H2A ubiquitination during early embryonic development.
